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@ Apparatus and metliod for removing minute particlea from a 8irt)strateL. 

@ Apparatus for removing small particles from a substrate 
comprises a source of fluid cartjon (flc»dde. a firat orfflpeil^) for : - 
expanding a portion of the fluid carbon dioxide and flr^d droplets. ^ 
of liquid carbon dioxide, a coalescing chamber. (14) fpr 
converting the first mixture Into a second mixture oohtiinlng. 
gaseous parbon dioxide and larger liquid droplets of c^fedn ' 
dioxide, ff second expansion orifice (16) for converting '^d ■ ' - 
second mixture Into a third mbcturt cofiitainlng solid partlcite of ■ " ■ ^ ■ 
carbon dioxide and gaseous cariijoh dioxide, and a cflver^m : 
channel 20 having an exit port arranged to direct mbcture tdiiferd 
the substrate. In using the apparatus, a source of. flufct carfedn i y ; 

dioxide having an enthalpy below about 135 BTU per poynd • 
(based on an enthalpy of zero at 150 psia for a saturated lictuld) 
Is ennployed. 
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D script! n 

APPARATUS AND METHOD FOR REMOVING MINUTE PARTICLES FROM A SUBSTRATE 

The present invention is directed to apparatus and methods for removing minute particles from a substrate 
employing a stream containing solid and gaseous carbon dioxide. The apparatus of the invention is especially 
suited for removing submicron contaminants from semi-conductor substrates. 

The removal of finely particulate surface contamination has been the subject of numerous Investigations, 
especially in the semi-conductor industry. Large particles, ie in excess of one micron, are easily removed by 
blowing with a dry nitrogen stream. However, submicron particles are more strongly bound to the substrate 
surface. This is due primarily to electrostatic forces and bonding of the particles by surface layers containing 
absrobed water and/or organic compounds. In addition, there is a boundary layer of nearly stagnant gas on the 
surface which is comparatively think in relation to submicron particles. This layer shields submicron particles 
from forces whch moving gas streams would otherwise exert on them at greater distances from the surface. 

It is generally believed that the high degree of adhesion of submicron particles to a substrate is due to the 
relatively large surface area of the particles which provides greater contact with the substrate. Since such 
particles do not extend farfrom the surface area and therefore have less surface area exposed to the stream of 
a gas or liquid, they are not easily removed by aerodynamic drag effects as evidenced by studies of the 
movement of sand and other small particles. Bagnold, R. The Physics of Sand and Desert Dunes , Chapman 
and Hall, London (1966); and Com, M. "The Adhesion of Solid Particles to Solid Surfaces". J. Air. Poll. Cart. 
Assoc. Vol 11. No 11 (1961). 

The semiconductor industry has employed high pressure liquids alone or in combination with fine bristled 
brushes to remove finely particulate contaminants from semiconductor wafers. While such processes have 
achieved some success in removing contaminants, they are disadvantageous because the brushes scratch 
the substrate surface and the high pressure liquids tend to erode the delicate surfaces and can even generate 
an undesirable electric discharge as noted by Gallo, C. F. and Lama, W C. "Classical Electrostatic Description 
of the Work Function and Ionization Energy of Insulators". IEEE Trans. Ind. Appl. Vol 1A-12, No 2 (Jan/Feb 
1976). Another disadvantage of the brush and high pressure liguid systems is that the liquids can not readily by 
collected after use. 

In accordance with the present invention, a mixture of substantially pure solid and gaseous carbon dioxide 
has been found effective for removal of submicron particles from substrate surfaces without the 
disadvantages associated with the above-described brush and high pressure liquid systems. 

More specifically, pure carbon dioxide (99.994-%) is available and can be expanded from the liquid state to 
produce dry ice snow which van be effectively blown across a surface to remove sumicron particles without 
scratching the substrate surface. In addition, the carbon dioxide snow vaporizes when exposed to ambient 
temperatures leaving no' residue and thereby eliminating the problem of fluid collection. 

Ice and dry ice have been described as abrasive cleaners. For example, E J Courts, in US Patent No 
2 699 403, discloses apparatus for producing ice flakes from water for cleaning the exterior surfaces of 
automobiles. U C Walt at al. In US Patent No 3 074 822. disclose apparatus for generating a fluidized frozen 
dioxane and dry ice mixture for cleaning surfaces such as gas turbine blades. Walt et al state that dioxane is 
added to the dry ice because the latter does not evidence good abrasive and solvent action. 

More recently, apparatus for making carbon dioxide snow and for directing a solid/gas mixture of carbon 
dioxide to a substrate has been disclosed. Hoenig. Stuart A. "The Application of Dry Ice to the Removal of 
Particulates from Optical Apparatus, Spacecraft, Semiconductor Wafers, and Equipment Used in Contaminant 
Free Manufacturing Processes" (Compressed Air Magazine , August 1986. pp 22-25). By this device. liquid 
carbon dioxide is depressurized through a long, cylindrical tube of uniform diameter to produce a solid/gas 
carbon dioxide mixture which is then directed to the substrate surface. A concentrically positioned tube is 
used to add a flow of dry nitrogen gas to thereby prevent the build-up of condensation. 

Despite being able to remove some submicron particles, the aforementioned device suffers from several 
disadvantages. For example, the cleaning effect is limited primarily due to the low gas velocity and the flaky and 
fluffy nature of the solid carbon dioxide. In addition, the geometry of the long cylindrical tube makes it difficult 
to control the carbon dioxide feed rate and the rate at which the snow stream contacts the substrate surface. 

In accordance with this invention, there is provided a new apparatus for removing submicron particles from 
a substrate which overcomes the aforementioned disadvantages. The apparatus of this invention produces a 
solid/gas mixture of carbon dioxide at a controlled flow rate which effectively removes submicron particles 
from a substrate surface. 

According to the present invention there is provided apparatus for removing small particles from a substrate 
comprising a source of fluid carbon dioxide under pressure and having an enthalpy of below about 135 BTU 
per pound based on an enthalpy of zero at 150 psiafor a saturated liquid, so that a solid fraction will form upon 
expansion of the fluid carbon dioxide to the ambient pressure of said substrate; a first exapansion means for 
expanding a portion of the fluid carbon dioxide obtained from the source into a first mixture containing 
gaseous carbon dioxide and fine dropi ts of liquid carbon dioxide; a coalescing means operatively 
communicating with the first expansion means for converting said first mixture into a second mixture 
containing gaseous carbon dioxide and larger liquid droplets of carbon dioxid ; a second expansion nrieans 
operatively communicating with the coalescing means for converting said second mixture into a third mixture 




■ < ■ 



containing solid particles of ckrbon dioxide and gas'^ous carbon cl(^de;.an^ ms^^c^imw 
second expansion means for directing said thlrdirtMure'tbwai^^t^^ ■ 
Th Invention also provides, a .method for. r©fnpylng paijilciss .frdrr)/a '^^^ " - ^ ^ 



oonverting fluid carbon dioxide Into a first mbdir? of fine droplets Ogult;bart)ifedi^^^ fflra^'gaseous. caiSik^':'^ 
dioxid ; converting sald'firist'mlxture'lnto a.secbntiinbcture conf^'-^*^'^^"^''^*^'''''^ 



and gaseous carbon dioxld ; converting sald sec^fid rftbcture^intd a -tfrW -rrgjlc^ 
dioxide particles and gaseous carbon dioxide;; ahd|lrec%ig said ^ frftidxirer 

said third mixture removes said particles fKf^,tfm\s^^ , \ - 4 "S^^'^^ ''^^^-^^^ , "^^^ • 

The pr sent Invention will now be descrlbecfSy vviy of^^xampfe v^^ r^er ^acoopli^jr^;^ drawlr:^!^ "!^ ' " 



asieril; Iriyentlonjsmptoyfrjg a ^ 



In Aier, 



. FIGURE 1 1s a cross-sectfonal elevational view qf the/s^^d*^^ 
n^fedle valve to control the rate of formatidfii^ 

FIGURE 2 Is a cross-section eieyatlonM view of another ecftbo(|iite^^^^ wfrlch'lnc 
means for generating a dry nitrogen stream* surrbuhdlrtg tbe golld/gasebi^^^ dlo> 
the point of contact with the. substrate; . ...J. ' .'\y?. 

FIGURE 3 is a cross-sectlonal elevatfpnaf'vfew af ,an.;^mboc(tm 
permits cleaning of a wide area in comparfsdn wtfh fhe''enib?>dfcentB sIt^^ and ^; Z ' ' 

FlQURE4lsatopelevatlonal.viewofthe.em^dlmentsf^^ * . p ... i 

FIGURE 5 Is a cross-sectlonal etevatlonal vlew-bf an;embocfe Ctf.th,9 S^ent ■(^ 
utDlzed for cleaning the Inside surface of cygnc^c^ ^trjtictures * ,^ if-;-. ; '-1 [ T . ' ■ . ''^ 

In the drawings, like reference numerals IhSlceitB like pe^ ' . . "^^ 'v' ; ' :^ *• 

Referring to the drawings, and specifically to Rgure 1 Jhe appiatus'a of'the f^8^ IrT^^oji^W^ 
fluid carbon dioxide receiving port 4 which Is d6.nnected to a fliiSpi carfadn dfeip^^' si^^ InS^hdiKn?^ 



via connecting means 6. The connecting rriearisjB rirtay st^el'mlnforfeeyi.^^^ toEp. cS^;^^^ 
connecting means' which enables the fluid c^rbipn dtbxt^^^ tP 'Rci^f from 

There Is also provided a chamber 8 which recelviefe the fluid oiarbon dfa)4ay Mi'^^ the n&celiiT^f * 

port 4. The chamber Is connected via a f5rst 9jfee 10 to a ndzzte .l^ T^ Tv^^'^^\^\xd^ el co^fe^gi^^ 
chamber 14, a second oHflce 16, and an eJeOTc^^^ 18 t^nftjjt^g'^^ ^^^..i:- 

The first orifice 10 Includes walls 22 which t£iper^^^«^ o0en|^ ^'itiip tfii^^S^^^ 
first ortflce 10 is dimensioned to deliver aboifttJ2^to 0.75 starjimfti cu6l^;fo&^^ 

The wiJ^ of the first orifice 10 Is suitably .aoSD to, 0.050 inch 'a^^^ thuq fijiper' 

acceierafing the flow of the fluid carbon dfexlde 'c^ the^p) ^ ' " 

formatton of the fine liquid droplets In the coaeajclng^phamber^^^^^^^^ 

in one embodiment of the invention as shoymlh.l^re the Ssf o^ie 'jfO. 
needle valve 26 having a tapered snout 
cross-^|(ctlonal area thereof and thereby bontTii} the flow 6f th^ 
embodfrnent, the'ffrst ortfice 10 may be used aFohe^w^thbut a needle vdyp.. In tBj|,e>^nlj(^^^^^ 
of the prifice 10 Is suitably from about O.QOt to about 0.060 Inch. The n^edla>fl#e^:^^^ ^^srr^^mi^mi^ 
becausis ft pnDvides control of the cross-sectonsS ■ area of the 

manlpi^iated' by methods customarily employed tfie art, such Tpyvtfi^ !u^^^ h^rrtpfb^^^c^n 

The -^alesclng chamber 14 comprlsets a reanward secflph''^^^^^^^ t^ilt^"; ?^ 

commaSiIcating therewith, via the opening 24. The_ coalescing charatb©^^^^^ 

The ien§th of the coalescing chamber is suitably frPrn ■ " " ' 

from about 0.03 to 0.125 Inch. Hwever. It should bd'understood feet fh^ 
size of the Job. for example, the size of tfii&"ob|ect to be bieaneS^^cnjgh a tgj^fe^j^a^ 
larger diameter will provide denser particles and thdrefore greater |5M^:itag Inte 
large a diameter may result In fi-eezlng of molsturie' pa- the feut^^^e -surtac^^ 
problem can be alleviated by lowering the ambferit humidity. On th^mtiar.f^^ 
very deRcate substrate surfaces "may benefit from employing; a sfeaff ' dap^^ 

The diameter of the first orfflce 10 can vao^ g(l§' well. However, tlrje cfmp 
to manufacture by the usual technique of drilling Into bar stocK In g^^^t^^^^i 
orfflce 10 and second orifice 16 are less th?Ert .the.; crpss-secfiohai apB^i^.pf' 

The source of carbon dioxide utifized th.this'lhyentton Is.afluid-?^^ 
pressure above what is l<nown as the "triple pplnT whk^;is that p0lS^wlier6 eftK^!^; 
solid upon removal of heat. It win be appreciated fhSt unless^thaffda'carbonicft 




o^p^ tff tp^coEYtrol ihf^- - -^^^^^^-^^^ 
iilcxj^ie. :ln wi^ §ltenr^e 





lS:lnVO|V^ji5i?; 

lambgr, 




will not pass the orifices of the apparatus (ifVthl^: Invention. 

The source of cariDon dioxide comtemplated h&^ln ;a5 aJiqjbild ^Jl 
thereof, at a pressure of at least the freezing polntpreskiVe," drabput ^ pste^t: 
300 psia. -fl^; 



i^l§^Bsm 4urp : ' 



' ■ ..." , -jW 



The fluid carbon dioxide must be . under sufflclent pressure td: control the flcnv through, the flr«[t ^rtbeitGl^- ■ 
Typically, the fluid cartDon dioxide Is stored at ambient temper&ture at .a pr66str]^ of 1^'i^ptyt |ob^ 
psIa, preferably at about 750 psIa. It Is necessary^that the ,nth$^Jpf4hB,fiuld:^i^ feed str^',:. 

under the above pressures be below about 135 E^per pound^based pn an erfSfjj^.i^ 
satuarated liquid. The enthalpy requirement 1s e^entlal regsurfl^' :bf yvlietl^^^ tri a • . 

liquid, gaseous or, more commonly, a mbcture, which typically Is predomlnfeiely JIju^^^ 
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such asToT eJ^nff hU fnfl " T"* f''^^^* "PP^^"*"^ constructed of a r sinous material 
?35 bS/ h ThpTo*^^ ; ^'3^:7Pf * polypropylene, we have found that the enthalpy can be from about 110 to 

fn onPrLn th T T ^^^o °f 'iq"id and gas In the fluid carbon dioxide source 

to hf S ■ ""'d dioxide exits the storage tank and proceeds through the connecting means 6 

the fTrsT orS ?n th V't" "'"^^^e chamber 8. The fluid carbon dioxide then S^ugh 

A?fho f 10 the size of which may. optionally, be regulated by the presence of the needle valve 26 
«nJ,Mit oni ?'^°\^'°'^^' through the first orifice 10 and out the opening 24. it expands along a 
constant enthalpy ine to about 80-100 psia as it enters the rearward section 30 of the coa^escin?chi7ibeM4 
itt'p ofth ^r?°" ^'"'"^^ '=°"^«'^«d to fine droplets. It wi5 brappreciate^h 

state o the fluid carbon dioxide feed will determine the degree of change that tal<es piSe in the f rst 
o^^^oS.? I 'V*' !? 9as or pure liquid carbon dioxide in the source contLemill undergo a 

^7sZlSXV^^ '""'T- ^^-^P^^^^-^ rearward secTon 

th J r2™^H *■ , ■ '^""^ temperature liquid carbon dioxide, the carbon dioxide in 

Ihn, ?l™f ^ '"'^"'^ tyP'^^"y oomprising about 50o/o of fine liquid dropleS and 

-Abj3ut.50P/oxarbon-dioxide-vapor.-lf4he source-is saturated gas at room temperature-thw 
comonses about Hoa fmp limiw Hr«„ioto oam „ . aiu'c. men me mixrure typically 



20 



r'nmr^r-io^^ iini f ■• . . ' """"'^"'Hc' =. men loe mixTure ivDical V 

coXTontetl^^^^^^^^^^^^ '"^'^^^ ^ - ^ — Ith a' 

^ on ^""oplet/gas mixture continues to flow through the coalescing chamber 14 from the reanvard 
ch^Xrif t^/°T'.T'T ^ ^ °' ^''P^^"^^ to the pressure d op iSe coaleS 

form. inL • r. "^ '"'"P'^*" "''"'^ '^^°P'«ts. The larger liquid droplets/gas miS 

Sn spo^ the exfport 20 3 1": 

Walls forming the ejection spout 18 and terminating at the exit port 20 are suitably tapered at an anole of 
ttTe"nsL°Ift°"*r '° ' ; "'^/'"^ '1°"^ ^"^^ °f divergence is too g^SL! Ko^e ^Sor i') 
most subS^^ °' '^'"^'^^ ™" ^^'^"'^^'^ that which is necessary to clean 

The coalescing chamber 14 serves to coalesce the fine liquid droplets created at the rearward section 30 
Se '"oar^rcK"tl'™'''r ^^^^^ ^^^tion 34. The larger liquid droplets ]Z 3e. solid clon 
dioxide particles as the carbon dioxide expands and exits toward the substrate at the ex t port 20 In 
Shtr r' =°«d/3aseous carbon dioxide having the r^uiste emJaify as 

chafer if ?he'seVoS'^^^^ to desired pressure drops from the first orifice 'lO through the cScing 
cnarriDer 14. the second orifice 16 and the ejection spout 18 

recTntefVat^STLl^??^^ incorporates two stages of expansion, those skilled in the art will 
recognize that nozzles having three or more stages of expansion may also be used 

caSon^SSp/n« Ilf-^'^^^"^ ""^y* °Pt'o"ally. be equipped with a means for surrounding the solid 

cTndt^^r of^^eTb^^S;^^^^^^^^ '""''''''^ ' ^"-'°P *° thereby'minlmlse 

Referring to Figure 2, the apparatus previously described as shown in Rgure 1 contains a nitroaen 
annX^hT" ll'".' P^^'"'^^ " P"*^"'^^ °* "^°3en from a nifr'o gen s^ce (not shS to an 

Zf to^rtt suSSt''. "f- ""l-,?^'-""-' 42 has an exit port Is through wJIJh tht^ r^gen 
nftmnlo K subsfrate surroundmg the solid/gas carbon dioxide mixture exiting at exit port 20 The 

srarfiratl^bKon^^^^^^^^ ' ^^^^^"^^ ^"^'^'-^ ^° P~^^ ' -- the need'Sd 

FlalSZ^L\TJJT'^^l embodiments of the present invention. The structure shown in 

□?« Thl^lJ ^ ^'^ configuration and produces a flat spray ideal for cleaning flat surfaces in a sing e 
?Svention«S^"'^*'? t P^^'^^^'^^'^ ^"'table for surface cleaning silicon wafers duringToc?s^nd Zn 
Pffn^r ?J ! "'"^ techniques utilized on unprocessed wafers cannot be used due to potenSi hamftS 

Z'^p^n'^tSTak^'^'^'t^'^''^? ^"^'^'"^'"^ chLmbercoTisro;Vrt^'Slor^^^ 

SmrwiSthT^ th^o^> Ton® Tu^® coalescing chamber 14. A single coalescing chamber 14 having the 
mi^Ln ?^ i'"* P""* ^° adequate. However, the pressure of the device requires that there be 

suptr48\rs°p^^^^^^^^^ o°l '^^r r'"''®^ ^-^^ ^^^^^^^'^^'y- ^ n-J^rof mVcha^^^^^ 

SedTn the cLescino rhfnfh "? chamber 14 as shown in Figure 4. The number of channels 

Ivitf^r! on , ^ ^ chamber 14 is solely dependent on thenumber of supports 48 required to stabilize an 

s h'i^fnSXsT^^^^ 

the sSond oriSe ^16 consistency and qualrty of the carbon dioxide being supplied to the inlet of 

fnrm!,'^''^®'' "^-'i'^ *^''°P'«ts/gas mixture which forms in the forward section 34 of the coalescina chambers 
wh™ a^/llSd " ''T''' secondorlfice 16 and out of the ex t pS 

/K 'Tr c c, .f f ^ u'^ openings to produce a flat, wide spray. The height of the openings in the second orifice 
65 16 IS suitably from about 0.001 to about 0.005 inch. Although the height of the opSg can be less^^^^^^^ 
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Is a pracrtlcal llmft since It Is dffflcult to irialntafrl a tinlfof m ebngatedopening sui^i^^ 0.001 Ipbh 

in helgM. Conversely, the height of the second ortflce 16:.can Be maidi^great^-STkn 
priDduce intense cieaning: Hov/ever^ at heights siiave a.OOSfribh/ttie fiS^ouji^ '(Sf^'ol^^ 
improve cleaning increases substantiaily. TTieS^/'^nrrensiohs arfe jgiyein afe ©jj^frfiEwe :^ 



fundamental limit to either the width of the'height of the second orffice 16. the £U9^^||id5i?^rge-nce of.the &>dt 
port 20 Is slight, ie from about 4° to 8**, preferably 6**. The appamfe slipwn has b^ 

demonstrated to produce excellent cleariing . of fl^ sutS^gi; fe^ ,i 

The embodiment of the present InvemBon shovim.fn Rg#^ 5 is lritendsd:'^fti^. i^feig^ tiiie irrside of. ' 

cylindrical structures, it is typically mounted on the enb of a ibng iybufer conri^qr "^ 6 through wftfoh" 

fluid carbon dioxide is transported from a storage means (not "'^wnj. In o|^pBorti jshown^in^ 10 

Rgure 6 is inserted into tfte cylindrical structure to be clean^, -the fhid •-* 
device slowly withdrawn from tlie structure sweep^s the Jnteribr sur^^ 

vaporized carbon dioxide carries released surtac|3 pfirtlcies atong as:lt.eixfts=th#|ib^^ advant^*' ' 

in ttre embodiment shown in Figure 5, fluid carlDon dioxide from a source_t3trt;^h0fy^ ^nter$,.the devfce,-:,^ is.: 
through:connectlng rheans 6. The fluid carbon doklde drfters lheiapparatLffi thpiugh the entry port 4 Into aV 
chamber 8. The chamber 8 Is connected via a firs|; ip.rlflce JO ta a ntizz^ 12- Tfig rip^e. 12 Includes, port 50 / , 
which lead to a coalescing chamber 14 and an exit |i)ort 20^ h the efirbS^fhent stbwn In Figure 6. the exit port , : 
20 and the second orifice 16 are combined. ; ' 't'' ^.r^.tn ^A- ,^ •^^'^ 

" In the apparatus shown hi FlgtiiB 6, there is no <fl\fe?rgence of the cGrnbfned secronCl' port 20 isiiice/ . J '20 

the orifice itself Is divergent by nature due to Its incjfeasing arefe,wttH NpHaslng,f^^ 

the second orifice/exit port 20 must be such thaJ the carbon eftojcRlie c;^^ dea^d v^* '"^ 

sufficient force to carry dislodged particles from.tite surfgi^' jprtS^^^^^ advance of; the' / 

umbrefla-shaped Jet. On the other hand, the angfef'fearlhcrt be t^^ $p a6i.^tf;:det©^^fr^ the dearkngi-- 
capacity of the jet. in general, ttie second 6iftff&B/^. port 20 ti^^^ by aijout 30" to : 25 

preferabty about 45'*, In.the cl&an]ng dlrecrtion bf'fte dj^araate.: - , * - ^""^^^ ; • . . i ' ^ - 

Commercially pure carbon dioxide may be\apcaiptabli6 for rfei)? apjprtftS^^ exanlple, In the fielcj of 
optics. Including the cleaning .C3^ telescope vc^^i^ fx^r o&^^ ^pScfflttonsr^^^^ "ultfapure." carbon ^ 
dioxide (^.990/0 or higher) may be required, ttljdlft^jtehdJerstooy puiitty Is to^lbe fnterpreiteid vv^h reepect^tq / 
undesirSfcie compounds for a fiaarticular appndatfor^^or fexar^ li^etrtr^ptans nSj^fe on the l!st Impurliife^ --'r^v 
for a given application whereas nitrogen may be pfeehlt^ Appilb^^ ^at reqpire\uitrapuTB cflo)?ld^. ' ' 

include the cleaning of silicon wafers for semlconductor'febifealldrii^ circuft kssemhJIes ^n3 ?^ 

corhpact tliscs. '-^''5' r -[^ ^ ■ ^ - -y:^ ■ . : '-^-.X,; 

For application requiring ultrapure carbon dio:^e, it has tj^e^ fbimd th^sl usual; rK^^zie matei^ 
unsatisfectory due* to th6 generciflton cf particulate' eontamina^^ srfee|l may ganemt^ - I 35 

particles dff steel, and nlGl<el coalBd brass nray geftd^fcte^Nrtii^^^^^ "P^'l^iffe^^ Iri ' " 

the area of the orifices, the following materials are pi^effeiT^: e^phtre, fus&ct sllfc^- qim^ carbW?^' , 

and poIy(tetrafluoroethyiene). The subject nc&tes FtTts^consli^'^n^l^ k\ 
coating -thereof. ■ ''s.-' • ' " _ '^"'['^' 'C''^^:^'^.^^^-:-'--^ " jl^ . 

The Klventlon can (effectively r*Bmove partides. hydrocarbbh flfms..;|imrtliaj^^^^ oil and finjger.l'vi^O 

prints. Applications' Indutie. but are not linilted taj-the ofeaj^sg^i bf ' 6p^^ craft, J'^. ' 

semiconductor wafers, and equipment of corrtamlrt6Tt-frBe majjufadturlng prtsp^^se^^ .t*; . i. .i 

While the present Invention hasfceen jDartlcularly ■i^crtbed in $§iTOfe.OT 6^6^ It 'wB, ' 

be understood that numerous vailatlons of the:Ihfi^erfk)n aireyir^ In tHp 1^ wlhfcWyariaftionVs^^^ ' 

withlhe instant teachings. Acccidingiy, the presertt^ll^hfton j#^t^^ only by 

the sc<ipe and the spMt of thfe^ialms appended fereto. ■ -'^ • \; , -^N^' * ; 



V:. ;i r 



Example 1 ' ; < i^^-ty-^^-., 

App^tus in accordance Wtth the present invention was-pOnstiJ^^eii as f6ftoViris.'A!%lindBr of Grade 4 Alrco . 
carborf dioxide equipped for ^ijiquid wRhdfewaf'^was t?tMfii^^ a. si3^j|q)!a'^^ngtK*wlr^^ 



;5bi1ftea10:conneGfttn^ thqt';, 
^(Nupr6s4€S4A)..^^ 
ifer- 14; had a diam^r v.. 
fer^gth of 0^ Inch ajid 
Mdl^iiera ' 



polyftetrafluoroethyiene) flexible ffesalo storage chamber 8''{e§^,j?if|jfe l).'The; 
storage chamber 8 and the coalesohg chamber 14 Was fitted y5$6|t!a' flrt^ metei ^ 

'The nozzle 12 was con^ructed of 1/4 Inch Cp btB^!bar stq 
of 1/16 inch measured two inches from the^.Openihg'^;^ the si^^^^ 
an internal diameter of 0.03-1 Irtch. The ejectlofit spdte'lSvvae ta^retti.^i'e*' an] 
of the -second orifice 16 to the §xft port 20i thnat^ alehtflfli-'Qf.^^ ' " 

Test surfaces were prepared using two Inch i^lameter slHcon jiA^rs pufpos;e^^ wfth a$pray of 

powdet^d zinc containing materlaJ {Sylvania mafertef #2284) j^UE/j^end^d^^^^ The wgfert w^e 

'then sprayed with Fredn from ah aerosol coiltaJrt^.. *; * /'']y^r,^f:'^'^^-^^ i 

in prep^ng to clean the above-described substrkte fcri accd^aicef with thi^:^^^ 
valve 26 was adjusted to give a carbon dioxide fhaw raf^ of;^pttr)dm^ ncHizle, '12 was 

operated for about five seconds to get the proper flow of carBon'^d^^^ partfdl^ ^ the^^ about 
1 1/2 Inches from the substrate at-abciut a 7^° migle wth Tf^i^efct fci tf^^ ' 

Ci^anHig Was done by moving the nozzle mahtjafly fl-onri o^i^ |5lde to tfii cfil^t side df thew' wafer, "the 
cleaning process was momentarify discontinued at the first slgq*^ hoIiSture conden^ng pn;tfie vrafer eurface. 
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15 



al'?lTfth"'''',*° '°T '^^"taminated areas that were missed in the initial cleaning run. 

inese areas were th n cleaned as described above. 

The resulting cleaned wafer was viewed under an electron microscope to automaticallv det ct selected 
particulates containing zinc. The results are shown in Table 1. auromaiicaiiy aet ct selected 



Table 1 



Particle Size % Particles Reinoved 

1.0 micron 99.9 + % 
_0.1_to_1.0-niicron 9975-% 
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1 . Apparatus for removing small particles from a substrate comprising ■ 
Jfl ^ ^T^^ u" ^'"'''"^ pressure and having an enthalpy of below about 135 BTU 

per pound based on an enthalpy of zero of 150 psia for a saturated liquid, so that at solid fraction will 
form upon expansion of the fluid carbon dioxide to the ambient pressure ;f said substrate 
thi inMS^Tinr"^?'? expanding a portion of the fluid carbon dioxide obtained from 

diojdde ^ ^ containing gaseous carbon dioxide and fine droplets of liquid carbon 

Jnvlrti^n^c^^'f"^ (14) operatively communicating with the first expansion means (10) for 

S H nn.r / K'"'^w"'"^-:r*° ^ '^''""^ ooMn^ gaseous carbon dioxide and larger 

liquid droplets of carbon dioxide; ^ 

oolfl^fr°" °P«ratively communicating with the coalescing means (14) for 

^rbon Se: ^ ' """"'"'^ °^ '^'°'^'de and gaseous 
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toitX"sSratr'"""'''^""^ ^^"^ ""^^^ ''''"^^'^a "^"^ -""^"^^ 

towafd^?a5r,Mh^t«I?"^^^^^ 

luSte ^^^"^ surrounding said third mixture as the third mixture contacts the 

of^uSrdSa;^^^^^^^ 

first ^rKim f '=°^'^'"9 preceding claim, wherein the first expansion means (10) comprises a 
™w ^ ^ ^ ^"^^ communication with the source of fluid carbon dioxide and a 

second opening leading to said coalescing means (14). said coalescing means (14) cSJ^^prisina a 
ret::?rsett^":'a t' ''""^ ' communication w?h said second opening, said 

seciil^SSia^°S[S 1° ^^V' ^'^^'"''^^ f"«f^«r "O'^Prises a forward 

whe P^n Sl rfrc . ^^"^^''^ ^^^'"9 ^ °Pe"'"3 leading to a second orifice (16) 

Ts roasses r^m S^^^^^^^ T'^lf^^ ^™P= ^™PS °^ "^"W carbon dioxidi 

mixture ' ^° ^^'^ ^"""^'^ ^^^^^^y to form said second 

orifice Mml"vinn?"^'"^ ^'f ^* ^^P^"='°" "i^a^s (16) comprises said second 

M4 and fiothir^ k """'"^-^ ^"u "^^'"^ '° ^""^^'"^ (3^) of the coalescing chamber 

i ™ °f "'"9 said third mixture directing means (20), said second orifice (16) having 

Se"r ('l4)'° cross-sectional area of the forviari" section (34) of the coalescing 

nortS?^! I cfia""®! (20) communicating at one end with the second orifice (10) and having an exit 
port through which, in use the third mixture exits and contacts the substrate. a naving an exit 
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8. Apparatus according to Claim 7, whePBlnte divergently t&'pered channpj tms an angle of divergence " 
ofup'to15*. • ■. • \ =; ■ ■ "',■'•^'^1':-'' ' [^'"1 

9. Apparatus according to a^iy one df Clalcfts 4 to 8, wber^n the forvvaF^ pf eald coaiesclna ! 
means and said direpting means hav elon^at dop rtings/thereby prodyqi^,a w^ . 

10. Apparatus according to Claim 1 or 2. whe^rjefn the second ■^xpar^Icd^ltiiBS^ (t^) '^'^ means (20)" 
for directing the third mixture toward the sfufastrate arq combined In .pire %th of a P^tssag AArfilch 
communicates with a chamber (14) defining siald cbaiesclhg irnear>6 ,(T4] eind ^•|fe"'|ti.fer ^ an^exlt''' 
port through which in use the third mixture exits and contB^ 

11. AmethQdforremoving.particiesfromasub^hatesurfi^ V . % 
. (a) Converting fluid carbon dioxide Ir^to a first mixtureitf.fi^ dropNrfe a^: liquid ciai^ 

gaseous carbon dioxide; "-.■I'^rl^'-^ ^ 

(b) converting said first mixture Intp a '^cohd rnixture.contat^i^'tpd^ droptetis of Bq'uld carSbn^-' 
dioxide and gaseous CEution dioxide: :.. ■ ' : : 

(c) converting said secnd mixture Iritb a third mbcture corrtalnlng soI^:c^rbQn diooclife-parlfcies and 
gaseous carbon dioxide; and ■ ... ' ; =• . ^ ■ ; . : ' . . 

(d) directing said third mixture toward the substrale wheroby s^i^t^^^ mbctyr^ removes paid^'' 
particles from the substrate. . . ; , h -MS- ?:* \ 

12. A method according to Claim t1 /wherein safd fiuld carbon dlc^^de Is flqMtd'parjjon dJbxJdl. 

13. A method according to Cialrh 11 or 12, further conrtflyrfelrig Coring t^^^^ carbon dioxide et a ' ' 
pressure of about 300 to lOQOpsla. 

14. A method according to any one of Claima 1 1 to 1 3. wherein step (a) ccamprlfies ^bxpandlng the ffejid 
carbon dioxide along a constant enthalpy Hne to about 80 to 100 psik: : 'V-. 

15. A method according to any one of Cfelms 1 1 to 14, whamln the first mixture' cqni^^ from 11 to 
500/0 of fine liquid droplets and from 89 to 50(Vb of carbon dlc»dde vapor. 
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@ Apparatus and method for removing minute particles from a substrate. 

@ Apparatus for removing small particles from a substrate 
comprises a source of fluid carbon dioxide, a first orifice (10) for 
expanding a portion of the fluid carbon dioxide and find droplets 
of liquid carbon dioxide, a coalescing chamber (14) for 
converting the first mixture into a second mixture containing 
gaseous carbon dioxide and larger liquid droplets of carbon 
dioxide, a second expansion orifice (16) for converting said 
second mixture into a third mixture containing solid particles of 
carbon dioxide and gaseous carbon dioxide, and a dh^ergent 
channel 20 having an exit port arranged to direct mixture toward 
the substrate. In using the apparatus, a source of fluid carbon 
dioxide having an enthalpy below about 135 BTU per pound 
(based on an enthalpy of zero at 150 psia for a saturated liquid) 
Is employed. 
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